Individuals infected with human immunodeficiency virus type 2 (HIV-2) are primarily of West African descent and many of the HIV-2 cases worldwide are attributed to immigrant populations of West Africans living abroad (Campbell-Yesufu & Gandhi, 2011; Costarelli et al., 2008; Rey et al., 1989; van der Ende et al., 1990) . The lower prevalence of HIV-2 than HIV-1 is attributed to its low infectivity. HIV-2 is considered a naturally attenuated infection and HIV-2-infected individuals are more likely to have lower viral RNA levels and are less likely to progress to AIDS than those infected with HIV-1 (Bourée et al., 1995; Campbell-Yesufu & Gandhi, 2011; Costarelli et al., 2008; Soares et al., 2011) . However, when HIV-2 infection induces AIDS, there are fewer treatment options than for those infected with HIV-1, because not all anti-HIV-1 drugs inhibit replication of HIV-2. First generation nonnucleoside reverse transcriptase (RT) inhibitors, the fusion inhibitor enfuvirtide, and several protease inhibitors are known to be ineffective against HIV-2, while the clinical efficacy of the entry inhibitor maraviroc is unknown (Menéndez-Arias & Alvarez, 2014) . Furthermore, HIV-2 has been reported to have lower genetic barriers to the evolution of multidrug resistance than HIV-1, further narrowing the already-limited HIV-2 drug treatment options MacNeil et al., 2007; Menéndez-Arias & Alvarez, 2014; Rodés et al., 2000; Smith et al., 2009; Witvrouw et al., 2004) .
Previous clinical trials to treat HIV-1 infection using drugs or drug candidates that enhance HIV-1 mutagenesis were associated with setbacks. For example, hydroxyurea (an inhibitor of cellular ribonucleotide reductase that has also been shown to enhance HIV-1 mutagenesis) has been tested clinically, but was found to have significant side effects (Biron et al., 1995; Frank et al., 2004; Lori et al., 1997) . KP-1212 acts as a viral mutagen by being incorporated into viral DNA during reverse transcription and causing mispairing via tautomerization (Harris et al., 2005) . However, a prodrug version (KP-1461) was not able to significantly reduce viral loads in clinical studiesthough an altered spectrum of mutations was observed (Mullins et al., 2011 (Mullins et al., ). et al., 2013 . First, 5-azacytidine was shown to induce HIV-1 lethal mutagenesis by the specific induction of G-to-C transversion mutations (Dapp et al., 2009) . The combination of 5-aza-29-deoxycytidine (decitabine) and gemcitabine was found to synergistically reduce viral infectivity by enhanced viral mutagenesis (Clouser et al., 2010) . Decitabine and gemcitabine, both alone and in combination, were found to reduce viral loads in an AIDS mouse model in the absence of toxicity; stable prodrug derivatives have been identified to aid in clinical translation of these drugs for treatment of HIV-1 infection (Clouser et al., 2011 (Clouser et al., , 2012b . Resveratrol, a phytoalexin, has been shown to enhance viral mutation (likely via inhibition of ribonucleotide reductase), and has been shown to potentiate the activity of KP-1212 -which could enhance the likelihood of the clinical utility of KP-1212 in the treatment of HIV-1 infection (Clouser et al., 2012b; Rawson et al., 2013) . In this study, we examined the ability of the ribonucleoside mutagen 5-azacytidine and the ribonucleotide reductase inhibitors gemcitabine, resveratrol and clofarabine to reduce HIV-2 infectivity, as compared with HIV-1. A time-of-addition drug assay was utilized in order to identify the step(s) in the HIV-2 life cycle in which viral replication was perturbed.
An HIV-2 vector, pROD-MIG, was used in the drug susceptibility assays. This HIV-2 vector is an envelopeminus vector in which env gene sequences were deleted and a gene cassette composed of the mCherry gene, an internal ribosomal entry site (IRES) and the green fluorescence protein (gfp) gene were cloned into the remaining env gene sequence. As a control, an HIV-1 vector, pNL43-MIG (envminus HIV-1 vector with an mCherry-IRES-GFP expression cassette), was used in parallel to access HIV-1 infectivity (Rawson et al., 2013) . The molecular clone pROD-MIG was created by exchanging the mCherry gene from pHIV-1 MIG with the mouse heat stable antigen gene from pROD10-HIG (Rawson et al., unpublished data) . Briefly, a fragment of pHIV-2 HIG spanning env, hsa and IRES was amplified and ligated into pGEM-T (Promega). The resulting construct and pHIV-1 MIG were digested with BamHI and AvrII (New England Biolabs). The appropriate fragments were purified and ligated together using T4 DNA ligase (New England Biolabs), thus exchanging hsa for mCherry within the pGEM-T subclone. The pGEM-T subclone and pHIV-2 HIG were then digested with PmlI, cleaving within env and IRES. The vector was treated with Antarctic phosphatase (New England Biolabs), and the appropriate fragments were ligated together using T4 DNA ligase. Like pNL43-MIG, pROD-MIG expresses mCherry and EGFP and all viral proteins except Env and Nef.
When treating cells with drugs ( Fig. 1) , vesicular stomatitis virus G glycoprotein (VSV-G) pseudotyped HIV-1 and HIV-2 vector virus stocks were used to infect 10 000 Magi-U373-CXCR4 CEM cells per well in a 96-well plate format that had been pre-treated for 2 h with increasing concentrations of drugs or with vehicle, DMSO. Flow cytometry was used to quantify infectivity and EC 50 values were calculated in GraphPad Prism6. Table 1 shows the EC 50 values calculated for each drug under study along with several drugs that have known mechanisms of action (i.e. raltegravir, tenofovir, zidovudine, nevirapine). Doseresponse curves and EC 50 values were obtained for each independent experiment using non-linear regression models that generated non-ambiguous EC 50 values and that gave acceptable fits in a combined replicates test. These replicate EC 50 values were subjected to an unpaired twotailed t-test to generate a compiled EC 50 value for each drug and to compare whether the EC 50 values differed for HIV-1 and HIV-2. All drugs tested, except nevirapine, possessed potent anti-HIV-1 and HIV-2 activity. Consistent with previous publications, nevirapine inhibited HIV-1, but not HIV-2, replication (Balzarini, 2004) . Resveratrol, clofarabine and 5-azacytidine showed statistically different EC 50 values, as indicated by a P value of 0.05 or less. In contrast, zidovudine, tenofovir and raltegravir did not show any significant differences in their EC 50 values between HIV-1 and HIV-2, in agreement with previously published reports (Smith et al., 2008 (Smith et al., , 2011 Witvrouw et al., 2004) . This is, to our knowledge, the first report of clofarabine, a known inhibitor of ribonucleotide reductase, having activity against both HIV-1 and HIV-2.
Previous studies have examined the cytotoxicity of 5-azacytidine (Dapp et al., 2009) , resveratrol, gemcitabine (Clouser et al., 2010 (Clouser et al., , 2012a Rawson et al., 2013) and clofarabine (L. B. Beach et al., unpublished data) using the same cell line as reported here. Based on these previous studies, the observed antiviral activity cannot be attributed to cytotoxic effects of these drugs. In support of this, Novel inhibitors of HIV-2 infectivity microscopic inspection of the cells as well as forward and side scatter by flow cytometric analysis did not reveal any evidence of increased cell death or abnormalities with any of the drug treatments used. The finding that nevirapine inhibits HIV-1, but not HIV-2, suggests that the antiviral activity is specific and not due to cell cytotoxicity.
The finding of similar antiviral efficacy for zidovudine, tenofovir and raltegravir, but not for nevirapine, correlates well with previously reported findings that compared the anti-HIV-1 and anti-HIV-2 activities of these drugs (Andreatta et al., 2013; Roquebert et al., 2008; Witvrouw et al., 2004) . Though some of the confidence intervals were relatively large, Table 1 indicates that HIV-2 is more susceptible to gemcitabine, clofarabine and resveratrol than is HIV-1 by approximately twofold, 3.5-fold and 4.2-fold, respectively. Since all three drugs are known to be inhibitors of ribonucleotide reductase, these observations provide one line of evidence for HIV-2 being more sensitive to ribonucleotide reductase inhibitors than is HIV-1 in cell culture. Intriguingly, only resveratrol and clofarabine showed a statistically significant decrease in EC 50 values, but all showed a general trend of inhibiting HIV-2 with greater potency than with HIV-1. It was also observed that HIV-2 was approximately 1.4-fold more sensitive than HIV-1 to 5-azacytidine. Taken together, these data also suggest HIV-2 may be more sensitive than HIV-1 to viral mutagens that can induce lethal mutagenesis.
Time-of-addition drug assays were next done in order to identify the phase in the HIV-2 life cycle perturbed by each drug (Fig. 2) . Infections of permissive target cells were done as described above, except that rather than pretreating with drugs for 2 h before infection, drugs were added to cell culture medium immediately at the time of infection, or at varying time points post-infection. Cell . Infections were performed in triplicate, background infectivity at the 0 h time point was subtracted, and infectivity for drug treatments was normalized to no drug (DMSO only) infectivity at the 24 h time point (which was 55 %). Values represent the means of three independent experiments, with each treatment at each time point treated in duplicate. Nevirapine was not analysed due to the lack of antiviral activity against HIV-2.
culture medium was changed 24 h after each drug treatment for each time point. Cells were incubated at drug concentrations that could extinguish viral infectivity. The infectivity observed at the 0 h time point for each drug was subtracted and infectivity was subsequently normalized to 24 h no drug infectivity.
The last time point when a drug was observed to consistently extinguish viral replication was interpreted to correlate with the step of the viral life cycle with which the drug likely interferes (Daelemans et al., 2011) . Drugs that interfered with replication at or before 1 h were defined as targeting entry or fusion; at 3-4 h were defined as interfering with reverse transcription; and after 6 h were defined as interfering with integration (Daelemans et al., 2011) . Similarly to previous publications, we qualitatively defined the time-of-drug inhibition in our assays as the time point after which infectivity was consistently detected above baseline (Daelemans et al., 2011) . For an inhibitor of ribonucleotide reductase, it was hypothesized that, depending on when dNTP pool imbalances occur, the inhibition of viral infectivity could occur after fusion but prior to completion of reverse transcription.
At the 6 h time point, gemcitabine, resveratrol and clofarabine were found to reduce HIV-2 replication, which was interpreted as likely influencing the reverse transcription phase of the virus life cycle (Fig. 2) . It was observed that gemcitabine and resveratrol typically lost their antiviral efficacy at earlier time points than clofarabine, but within a similar time frame to the loss of inhibition of tenofovir and zidovudine. This suggests that 2-4 h was the window of time when an antiviral that affects reverse transcription would extinguish viral replication. The size of this window for interfering with viral replication (i.e. 2 h) could be a reflection of the different timing of cellular uptake and phosphorylation of nucleoside analogues in the Magi-U373-CXCR4 CEM cell line. This could also be true for the nucleoside analogues analysed in this study (i.e. 5-azacytidine, gemcitabine, clofarabine) . The timing of RT perturbation was distinct from the inhibition of integrase in our assay. The integrase inhibitor raltegravir inhibited HIV-2 through 8 h (Fig. 2) , the penultimate time point tested.
Raltegravir was the only drug tested that inhibited HIV-2 replication beyond 6 h.
Several lines of evidence suggest that HIV-2 RT may be more sensitive than HIV-1 RT to alterations in dNTP pools. First, HIV-2 RT is less processive than HIV-1 RT (Boyer et al., 2012; MacNeil et al., 2007; Post et al., 2003) , and this effect is enhanced under reduced dNTP pools (Boyer et al., 2012) . Thus, dNTP pool depletion by ribonucleotide reductase inhibitors could more greatly affect RT of HIV-2 than of HIV-1. Second, HIV-2 encodes the Vpx protein (Clavel et al., 1986) , which degrades the cellular triphosphorhydrolase SAMHD1 (Ahn et al., 2012) . SAMHD1 degradation results in an increase in dNTP pool concentrations, which allows HIV-2 to replicate in cells with low dNTP concentrations, such as macrophages (Baldauf et al., 2012; Kim et al., 2012; Lahouassa et al., 2012; St Gelais et al., 2012) . Third, HIV-1 (which does not encode Vpx) can readily replicate in macrophages without counteracting SAMHD1 (Diamond et al., 2004; Nguyen et al., 2014) . This argues for an important role of Vpx in maintaining dNTP pool levels for efficient HIV-2 DNA synthesis. Fourth, fidelity differences may exist between HIV-1 RT and HIV-2 RT that could influence the sensitivity to dNTP pool alterations. Taken together, these observations suggest that HIV-2 may be more sensitive to dNTP pool alterations. Therefore, drugs that perturb nucleotide pools could have greater potential for treating HIV-2 rather than HIV-1 infection.
Drug combinations of nucleoside RT inhibitors and ribonucleotide reductase inhibitors may be able to slow the emergence of HIV-2 drug resistance since, unlike HIV-1, HIV-2 RT cannot excise nucleoside RT inhibitors and instead relies only on the exclusion of dNTP analogues to develop antiviral drug resistance (Boyer et al., 2006 (Boyer et al., , 2012 Ntemgwa et al., 2009) . Despite a more limited drug repertoire for the treatment of HIV-2 infection due to naturally occurring resistance polymorphisms, and the potential promise of ribonucleotide reductase inhibitors to selectively inhibit HIV-2 replication, no studies have The observations made in this study indicate the antiviral activities of 5-azacytidine, gemcitabine, resveratrol and clofarabine are selective for the RT phase of HIV-2 replication. These findings also indicate 5-azacytidine, resveratrol and clofarabine have greater antiviral activity against HIV-2 than HIV-1. Nevirapine, as expected, had antiviral activity against HIV-1, but not HIV-2. No statistical difference could be detected in the potency of gemcitabine, zidovudine, tenofovir or raltegravir. Recent reports have demonstrated that HIV-2, but not HIV-1, must degrade the dNTP pool regulator SAMHD1 for successful infection of macrophages and other myeloid cells, which are known to have extremely low dNTP pools (Diamond et al., 2004; Kim et al., 2012) . The increased dNTP pools that arise through Vpx-induced SAMHD1 degradation have been hypothesized to be responsible for the rapid emergence of nucleoside RT inhibitor drug resistance in HIV-2-infected individuals (Amie et al., 2013) . It is formally possible that treatment of HIV-2 infection with ribonucleotide reductase inhibitors could decrease dNTP pool levels below the K m of HIV-2 RT in macrophages, resting CD4 T-cells, and dendritic cells, which would disrupt the progression of HIV-related pathogenesis and dampen the emergence of drug resistant virus.
